Proteins SP-B and SP-C are essential to promote formation of surface-active films at the respiratory interface, but their mechanism of action is still under investigation. In the present study we have analysed the effect of the proteins on the accessibility of native, quasi-native and model surfactant membranes to incorporation of the fluorescent probes Nile Red (permeable) and FM 1-43 (impermeable) into membranes. We have also analysed the effect of single or combined proteins on membrane permeation using the soluble fluorescent dye calcein. The fluorescence of FM 1-43 was always higher in membranes containing SP-B and/or SP-C than in proteindepleted membranes, in contrast with Nile Red which was very similar in all of the materials tested. SP-B and SP-C promoted probe partition with markedly different kinetics. On the other hand, physiological proportions of SP-B and SP-C caused giant oligolamellar vesicles to incorporate FM 1-43 from the external medium into apparently most of the membranes instantaneously. In contrast, oligolamellar pure lipid vesicles appeared to be mainly labelled in the outermost membrane layer. Pure lipidic vesicles were impermeable to calcein, whereas it permeated through membranes containing SP-B and/or SP-C. Vesicles containing only SP-B were stable, but prone to vesiclevesicle interactions, whereas those containing only SP-C were extremely dynamic, undergoing frequent fluctuations and ruptures. Differential structural effects of proteins on vesicles were confirmed by electron microscopy. These results suggest that SP-B and SP-C have different contributions to inter-and intra-membrane lipid dynamics, and that their combined action could provide unique effects to modulate structure and dynamics of pulmonary surfactant membranes and films.
INTRODUCTION
Pulmonary surfactant, a membrane-based lipid-protein complex, is strictly required for breathing in pulmonated organisms. The presence of a surfactant layer at the respiratory surface is simultaneously responsible for biophysical-stabilizing activities [1] and innate defence mechanisms [2] . The lack, deficiency or inactivation of the surfactant system is associated with severe respiratory disorders such as NRDS (neonatal respiratory distress syndrome) in preterm babies [3] , or the pulmonary dysfunction associated with ARDS (acute respiratory distress syndrome) in cases of lung injury [4] .
In general terms, the composition of surfactant consists of approximately 90 % lipids and 8-10 % specific surfactant proteins, including two families: SP-A and SP-D, hydrophilic in nature, and SP-B and SP-C, both hydrophobic and membraneassociated [5] . The phospholipid fraction in surfactant is essentially responsible for its ability to dramatically reduce the surface tension at the air-liquid interface of alveolar spaces. Approximately 80 % of surfactant by mass is composed of PC (phosphatidylcholine), approximately half of which is DPPC (dipalmitoylphosphatidylcholine) [6] . The acidic phospholipids phosphatidylglycerol and phosphatidylinositol represent 8-15 % of the total surfactant phospholipid pool. Cholesterol is the main neutral lipid in surfactant, accounting for up to 8-10 % by mass. The presence of proteins, specifically SP-B and SP-C, is absolutely necessary for interfacial adsorption, film stability and re-spreading activities of surfactant along the successive compression-expansion breathing cycles [7] . SP-B is thought to be the most important protein for respiratory physiology, as its lack or deficiency is associated with lethal respiratory failure [8] . It has been shown previously that SP-B induces aggregation, fusion and lysis of phospholipid vesicles [9] , and these activities have been associated with a putative role of SP-B to promote lipid transfer and membrane restructuring processes required to form the alveolar surface active films [10] . The role of SP-C in surfactant is not as crucial [11] , but SP-C has been involved in membrane-membrane and membrane-interface contacts [12, 13] . The combined action of both hydrophobic proteins is considered to be responsible for the proper organization of functional membrane arrays in surfactant complexes.
The pulmonary surfactant system constitutes an excellent example of dynamic membrane polymorphism and how it controls some biological functions through specific lipid-lipid and lipidprotein interactions. Surfactant is assembled by alveolar type II pneumocytes in the form of tightly packed membranes stored in specialized organelles called LBs (lamellar bodies) [14] . Once secreted, surfactant develops a membrane-based network that covers the whole alveolar surface very rapidly and efficiently. From surfactant assembly until its adsorption into the interface, several restructuring processes take place: membrane packing and unpacking in LBs, rearrangement of LB membranes into TM (tubular myelin), reorganization of surfactant membranes to form layers close to the air-water interface, and transfer of surfaceactive lipid species from these complexes into the interface, and vice versa, during expansion-compression respiratory cycles (for a review see [7] ). Surfactant proteins have a major role in facilitating all of these processes, but the elucidation of their precise molecular mechanism is a challenging task.
Different studies have suggested that pulmonary surfactant structures are composed of particularly dynamic membranes [15] , and it is not clear whether those membranes are actually isolating different membrane or aqueous compartments. In the present study, we have analysed the permeability and accessibility of native surfactant complexes and membranes reconstituted from different surfactant fractions to the incorporation of the membrane-sensitive fluorescent probes Nile Red and FM 1-43, able and unable respectively to permeate across phospholipid membranes. In particular, we have evaluated the dependence of the accessibility of membranes and the environment sensed by the probes on the lipid and protein composition. Samples characterized in the present study include complexes of native surfactant purified from porcine lungs and membranes reconstituted from whole-surfactant organic extract or from partial fractions obtained by size-exclusion chromatography, which were compared with model lipid membranes. The effect of SP-B and SP-C on the permeability of model membranes has been also analysed by fluorescence microscopy, through the reconstitution of POPC (1-palmitoyl-2-oleoyl phosphatidylcholine) GVs (giant vesicles) in the absence or presence of the hydrophobic protein fraction of surfactant, or purified SP-B or SP-C.
EXPERIMENTAL

Materials
Native pulmonary surfactant materials were obtained from bronchoalveolar lavage of porcine lungs as described previously [16] . Organic extraction of purified surfactant and chromatographic separation in Sephadex LH-20 (Pharmacia) allowed acquisition of the hydrophobic protein fraction and the lipid surfactant fractions [15, 17] . A subsequent chromatographic step in LH-60 yielded purification of SP-B and SP-C separately [17] . In general terms, we obtained a proportion of approximately 0.8 % SP-B and 1.1 % SP-C with respect to phospholipid mass in the surfactant organic extract. The total phospholipid concentration in the different samples was determined by phosphorus analysis upon phospholipid mineralization [18] . Proteins and lipids were stored as chloroform/methanol (2:1, v/v) solutions at − 20
• C. Protein solutions were routinely checked for purity by SDS/PAGE and quantified by amino acid analysis. POPC was purchased from Avanti Polar Lipids. The fluorescent dyes Nile Red and FM 1-43 were from Molecular Probes, and calcein was from Sigma-Aldrich. Chloroform and methanol solvents, HPLC grade, were from Scharlau.
Vesicle preparation
Stock suspensions of native pulmonary surfactant were in 5 mM Tris buffer (pH 7), containing 150 mM NaCl. MLVs (multilamellar membrane suspensions) of surfactant organic extract, the different surfactant lipid fractions or POPC supplemented or not with proteins SP-B and/or SP-C were prepared as follows. The appropriate amounts of proteins and lipids in chloroform/methanol (2:1) were mixed and the samples were then evaporated to dryness under nitrogen and for 2 h in a vacuum chamber to form a thin film, which was later resuspended at 45
• C (for native materials) or 37
• C (for POPC samples) in the desired final volume of 5 mM Tris buffer (pH 7), containing 150 mM NaCl. LUVs (large unilamellar vesicles) were prepared using a Mini-Extruder (Avanti Polar Lipids) with 10 mm diameter drain discs and 0.1 μm diameter Nuclepore TrackEtched membranes (Whatman), passing the MLV suspension 11 times through the filters at 50
• C, in the case of native or quasi-native material, or 37
• C for POPC samples with or without proteins. SUVs (small unilamellar vesicles) were obtained by sonication (UP200, Hierlscher) of MLV suspensions (0.6 cycles, 65 % amplitude; four cycles of 2 min each). LUV and SUV suspensions were used immediately.
Fluorescence spectroscopy with Nile Red and FM 1-43
The fluorescent probes Nile Red or FM 1-43 were incorporated into the membrane suspensions at a final concentration of 3 and 2 μM respectively, and incubated at room temperature (25 + − 1
• C) protected from light for 30 min. To follow the incorporation kinetics of FM 1-43, the fluorescence emission was measured immediately after incorporation of the probe into the suspensions. Fluorescence emission spectra were registered in a JASCO FP 6200 spectrofluorimeter thermostatically controlled at 37
• C, using 5 nm excitation and 10 nm emission slit widths. Nile Red fluorescence was monitored upon excitation at 548 nm and recording emission from 550 to 700 nm, whereas samples labelled by FM 1-43 were measured upon excitation at 479 nm and recording emission from 500 to 650 nm.
Electron microscopy
Droplets of a unilamellar suspension of POPC (1 mg/ml) with or without protein (full hydrophobic protein fraction, 1 % SP-B or 1 % SP-C by mass), prepared by extrusion, were placed on carbon-coated grids (Electron Microscopy Sciences) for 4 min, stained with uranyl acetate for 40 s and observed under a JEOL JEM-1010 transmission electron microscope.
GV preparation
GVs made up of POPC or POPC supplemented with 1 % (w/w) of SP-B, SP-C or both were prepared following a slightly modified electroformation protocol [19] . Briefly, 10 μl of 1 mg/ml lipid or lipid-protein solution in chloroform were spread in an ITO (indium tin oxide)-coated glass slide (Sigma-Aldrich). The fabrication chamber is composed of two conductor glass slides separated by a Teflon spacer of 1 mm. After organic solvent evaporation, the film was re-hydrated with a sucrose solution (300 mM). The chamber was then connected to an AC power supply (8 Hz and 1.1 V) for 3 h. Then, the frequency was decreased to 4 Hz for 30 min. The vesicles obtained had a spherical shape and a large proportion of oligolamellar vesicles were found. A volume of 25 μl of the solution containing GVs was transferred from the fabrication chamber to the observation chamber containing 75 μl of glucose solution (310 mM).
Visualization of permeability of GVs to calcein and FM 1-43
In order to test the membrane permeability of GVs with different compositions, GVs were transferred to a glucose (310 mM) solution containing 0.05 mM FM 1-43. In some experiments, the liposomes were incubated first in glucose containing 1 mM of the bulk fluorescent marker calcein (Sigma-Aldrich, 494 nm excitation, 517 nm emission) and then diluted in glucose/FM 1-43. Calcein and FM 1-43 fluorescence was then monitored under a fluorescence microscope (Nikon Eclipse TE2000 using a 100 W mercury lamp, and FITC and Texas Red filter sets), and recorded with a cooled CCD (charge-coupled device) camera (Nikon DS-1QM, 14 fps, 1 megapixel). All GV suspensions were observed freshly made, preferably on the same day of preparation, although no significant changes were observed in permeability or morphology of the vesicles observed up to 48 h after lipid hydration and vesicle preparation.
Reproducibility
When possible, Figures represent means + − S.E.M. for at least three different experiments, with at least two and often three entirely different surfactant and protein batches. In other cases, such as in GV images, illustrative experiments are shown after repeating at least three experiments that exhibited consistent behaviour.
RESULTS
To assess the effect of the presence of hydrophobic surfactant proteins SP-B and/or SP-C on the permeability of phospholipid membranes, we have taken advantage of the fluorescence emission of two extrinsic probes. Nile Red is a phenoxazone dye that fluoresces intensely in organic solvents and membrane environments, but is completely quenched in aqueous medium [20] . The emission properties of this probe depend strongly on the relative hydrophobicity of the surrounding environment. Phospholipid bilayers are highly permeable to Nile Red, so in principle it should label every single membrane in the samples. On the other hand, FM 1-43 is a styryl dye which is water-soluble and also exhibits a high affinity for lipid environments, although it does not translocate through membranes; consequently, it only labels the external leaflet of lipid vesicles. In addition, this probe only emits fluorescence once incorporated into membranes, as water molecules strongly quench its fluorescence emission [21] . Figure 1 ), indicating that all of these materials exhibit similar accessibility to this membrane-permeable probe. For higher lipid amounts, some differences in the emission intensity of Nile Red become relevant, probably as a consequence of local differences in the polarity of the environment sensed by the probe. The probe shows higher emission in materials containing cholesterol and other neutral lipids (NS, OE and LF) than in membranes prepared from fractions depleted of cholesterol and, especially, in pure POPC membranes. This is probably a consequence of the well-known effect of cholesterol to seal membranes and reduce their level of hydration [22, 23] . The environment sensed by Nile Red in cholesterol-containing surfactant membranes would then be more dehydrated, and therefore more hydrophobic, than that in cholesterol-free bilayers, leading to a higher intensity of In contrast with Nile Red, the fluorescence emission of FM 1-43 is remarkably different in the different membranes studied (right-hand panel of Figure 1 ). The probe showed approximately 2-fold higher fluorescence in protein-containing membranes, i.e. those from native surfactant, its organic extract or its lipid fraction depleted of cholesterol but supplemented with SP-B and SP-C, than in those made of protein-free surfactant lipids. The fluorescence of the probe in surfactant lipid membranes was also substantially higher than measured in POPC bilayers. The presence of proteins SP-B and SP-C therefore seems important to provide lipid membranes with full accessibility to membrane-impermeable probes such as FM 1-43. Interestingly, Nile Red fluorescence increases rather linearly with phospholipid concentration, whereas FM 1-43 fluorescence seems somehow to plateau, which could reflect differences in partitioning of the two probes between different surfactant lipid phases [15, 24] , and therefore different levels of probe accumulation.
The differences in accessibility to FM 1-43 of the different membrane suspensions are probably manifested due to their multilamellar character. The outermost impermeable membranes would impede exposure of inner membranes to the probe. In Figure 2 we have compared probe accessibility of native surfactant membranes, membranes reconstituted from the wholesurfactant organic extract and model POPC bilayers, when preparing suspensions with different lamellarity. As would be expected, FM 1-43 produced higher fluorescence emission in unilamellar (LUV or SUV) vesicles than in multilamellar suspensions of POPC (right-hand panel of Figure 2 ), as a consequence of the larger surface of membranes exposed to the externally added probe. In contrast, there were no apparent differences in the fluorescence emission of the probe partitioning in unilamellar or multilamellar suspensions of either native surfactant or its organic extract. Again this result points to a potential role of surfactant proteins in facilitating accessibility of the membrane-impermeable probe across different membranes.
To test whether the mere presence of SP-B and/or SP-C would be enough to facilitate partition of FM 1-43 across membranes, we have tested the effect of introducing surfactant proteins on the differences in probe accessibility when comparing unilamellar and multilamellar suspensions of simple POPC vesicles. Figure 3 compares the fluorescence of FM 1-43 added to increasing concentrations of unilamellar or multilamellar suspensions of pure POPC in the absence or in the presence of hydrophobic surfactant proteins. Also, we have compared POPC membranes supplemented with the whole protein fraction of surfactant (SP-B + SP-C at an equivalent lipid-to-protein ratio to that obtained in the LH-20 chromatography) with membranes containing only 1 % of purified SP-B or SP-C. Figure 3 (left-hand panel) shows that the fluorescence emission of FM 1-43 is 4-fold higher in all protein-containing POPC MLVs than in pure phospholipid membranes, with small but consistent differences between the different protein-containing samples. The order of accessibility of membranes to the probe was always with respect to the protein content SP-B > SP-B + SP-C > SP-C. In contrast, the differences between protein-containing and protein-free POPC membranes with respect to the fluorescence of FM 1-43 were much reduced in unilamellar POPC suspensions (right-hand panel of Figure 3 ).
To gain further insight into the differences between the effect of SP-B and SP-C on facilitating accessibility to FM 1-43 across multilamellar membrane arrays, we have compared in Figure 4 the kinetics of incorporation of the probe to different amounts of POPC multilamellar suspensions containing 0.25, 1.0 or 2.0 % (protein-to-lipid, by mass) of either purified SP-B or SP-C. Physiological proportions of these proteins are thought to be approximately 1 % in native surfactant, but we wanted to test much lower subphysiological proportions to maximize kinetic differences. The kinetics of incorporation of FM 1-43 into the POPC membranes was significantly different when comparing the effect of SP-B and SP-C. In all of the SP-B-containing membranes tested, the fluorescence emission intensity of the probe reached the maximum in less than 30 s after the addition of the dye, whereas, in SP-C-containing samples, the emission increased gradually for the first 30 min, especially in the samples containing the lowest proportion of protein. Figure 5 compares the full dependence of maximal emission of FM 1-43 into POPC MLVs compared with the protein density in the membranes for both SP-B and SP-C. Below a 0.5 % protein-to-lipid ratio (w/w), SP-B always produced higher fluorescence, and hence better partition of the probe across membranes, than SP-C. The lower proportion of SP-B tested, a 0.1 % protein-to-lipid ratio (w/w), already produced maximal incorporation of FM 1-43 into POPC membranes, suggesting that SP-B is extremely efficient in facilitating permeability of this membrane-impermeable probe across bilayers.
The different behaviours of SP-B and SP-C with respect to the kinetics of incorporation of FM 1-43 across membranes suggests that intrinsic differences must exist between the mode and extent of perturbation by the two proteins of the structure and the permeability barrier of membranes. To gain further insight into the effect of the two proteins on the structure of the model membranes used in the present study, we have examined, by electron microscopy, the ultrastructure of POPC LUVs prepared in the absence or in the presence of the whole hydrophobic surfactant protein fraction or 1 % (by mass) of purified SP-B or SP-C. Figure 6 shows representative images obtained by negative staining and transmission electron microscopy of these lipid and lipid-protein samples. Pure POPC suspensions contained a relatively homogeneous population of vesicles with homogeneous size, and presumably unilamellar character ( Figure 6A ), as well as the suspension of POPC supplemented with the mixture of SP-B and SP-C ( Figure 6B ). The POPC/SP-B suspension presented a high complexity, since it was totally made up of large, apparently multilamellar, membrane complexes with a diameter in the micrometre scale, despite the fact that they were originally extruded through 100 nm pores. The vesicles prepared with POPC plus 1 % SP-C showed a higher level of aggregation than pure POPC vesicles, but it still consisted of unilamellar and oligolamellar vesicles with a more or less spherical shape.
In order to achieve a direct visualization of the effect of surfactant proteins on the membrane labelling by FM 1-43, in a more homogeneous and controlled membrane structural context, a series of fluorescence microscopy experiments have been carried out in which we have monitored the ability of the probe to label the different membranes in oligolamellar GVs of POPC in the absence or presence of hydrophobic surfactant proteins. The large size of GVs prepared by electroformation allows their visualization under an optical microscope and the simultaneous examination of fluorescent probe partition and membrane macroscopic morphology. Figure 7 compares the morphology and FM 1-43 labelling of pure POPC oligolamellar GVs and GVs formed from POPC supplemented with the hydrophobic surfactant protein fraction (PF) obtained after LH-20 chromatography, at proportions mimicking lipid/protein ratios in surfactant organic extract. Two representative GVs of each sample are shown, exhibiting a clear oligolamellar structure under the optical microscope operated under phase contrast. Upon incubation with FM 1-43, pure POPC oligolamellar GVs were labelled only in the outermost layer ( Figures 7B and 7D) . In contrast, exposure to the probe produced almost instantaneous labelling of every membrane in POPC/PF vesicles (Figures 7F 
and 7H)
. Similar experiments were carried out with GVs made up of POPC supplemented with 1 % (by mass) of either purified SP-B or SP-C. Surprisingly, the morphology of these giant liposomes containing only one of the surfactant proteins was substantially different to that of liposomes containing no protein or the full hydrophobic protein fraction. No clear oligolamellar GVs could be seen that were made up of the POPC/SP-B mixture. As illustrated in Figure 8 , suspensions of POPC/SP-B vesicles were entirely composed of apparently unilamellar giant liposomes, with different sizes and a strong trend towards aggregation ( Figures 8A-8D ), which were fully labelled by FM 1-43. Suspensions of POPC/SP-C vesicles contained a large number of oligolamellar liposomes, but most of them became very unstable when observed under the microscope, showing a high tendency to distortion, rupture and reorganization. Figure 9 shows sequential frames taken from a video recording, illustrating the rupture of two giant oligolamellar vesicles: at first, the shape of both vesicles looked very irregular and their membranes started fluctuating; then some membrane regions protruded and formed evaginations, which finally released smaller vesicles to the medium before again becoming spherical and stable. The complete recording is available at http://bbm1.ucm.es/biomil/video/Video_Parra_BJ_2011. avi. We never saw such dynamic behaviour in pure lipidic vesicles or in liposomes containing SP-B.
To further analyse the effect of surfactant proteins on the permeability of membranes to polar molecules, we tested the ability of the fluorescent dye calcein to permeate through POPC liposomes in the absence or presence of the proteins. Figure 10 illustrates how pure POPC GVs can be incubated for several hours in a calcein solution without internalization of the dye. Vesicles appeared as dark spheres when observed under the blue light used to excite calcein ( Figure 10B ). In contrast, incubation of vesicles of POPC supplemented with the hydrophobic surfactant protein fraction with calcein led to the entrance of the dye. Figure 10 (E) illustrates how calcein entered into protein-containing POPC vesicles, showing even higher fluorescence than the liposome external medium. This indicates that equilibration of the calcein concentration across the membrane takes some time once the concentration of the dye in the solution has been diluted down. Calcein could also permeate through POPC liposomes containing only SP-B or SP-C, but with an apparently different pattern to that observed in liposomes containing the two proteins together. In the presence of either of the hydrophobic surfactant proteins, no difference in fluorescence emission could be seen between the different compartments ( Figures 10H and 10K ), indicating that calcein fluorescence equilibrated rapidly between the internal and external liposome compartments. Interestingly, images of calcein fluorescence in liposomes containing SP-B showed large segments of the membrane that were much darker than the aqueous calcein solution, as if calcein would be highly excluded from perimembranal regions.
DISCUSSION
The ability of proteins SP-B and SP-C to introduce significant perturbations of structure and dynamics in surfactant phospholipid membranes has been largely documented. These perturbations have been mainly interpreted in the context of the role of the proteins to promote the structural transformations associated with pulmonary surfactant biogenesis, secretion and adsorption into the air-liquid interface. However, the intrinsic properties imparted by the particular lipid and protein composition to nativelike pulmonary surfactant membranes have not been completely described. Little is known, for instance, with respect to the symmetric or asymmetric character of these membranes as they are assembled, or their permeability to polar solutes. We have tested the accessibility of membranes with different nativelike or model lipid and protein composition to the membranefluorescent probe FM 1-43. This probe has been extensively used as a marker for lamellar body exocytosis, in order to obtain a direct visualization of pulmonary surfactant secretion in alveolar type II cells [25] . FM 1-43 stains intensely the whole lamellar body content immediately after the opening of the exocytotic fusion pore. This suggests the existence of a direct topological connection between all of the lamellar body membranes and/or the interlamellar compartments. Our starting hypothesis was that the assemblies in which hydrophobic proteins SP-B and SP-C participate are involved in the free diffusion of probes like FM 1-43 across surfactant membranes once surfactant is released from type II pneumocytes.
The present results confirm that the hydrophobic proteins SP-B and SP-C are responsible for making phospholipid membranes highly permeable to polar molecules, as had been largely suspected. The ability of these proteins to alter the permeability barrier of phospholipid membranes had been reported, but mainly as a consequence of their interaction with membranes upon injection as concentrated solutions in organic solvents [26] [27] [28] . In the present study, we demonstrate that (i) native surfactant membranes are indeed intrinsically permeable, (ii) proteins SP-B and SP-C are responsible for the permeability properties of surfactant structures, and (iii) hydrophobic surfactant proteins are by themselves able to make a simple phospholipid membrane highly permeable to both membrane and soluble probes. This could be consistent with the assembly in the membranes of some sort of proteinaceous or proteolipid pores, because the mere introduction of the hydrophobic surfactant proteins into a single lipid model membrane is enough to permeabilize it. Permeabilization of membranes by surfactant proteins produces as a consequence a rapid equilibration of molecules, which are intrinsically impermeable through pure lipid membranes, among the different compartments. We cannot discard the idea that membrane-permeabilizing protein assemblies are also not promoting membrane-membrane contacts that would facilitate even further the rapid movement of polar and non-polar molecules through the different membranes and compartments. The effect of the proteins to facilitate lipid dynamics in large multilamellar arrays has been widely reported [15, 29] . The results of the present study introduce the effects on membrane permeability as an additional factor on surfactant dynamics.
Several studies have already suggested a potential effect of surfactant proteins on membrane permeability. SP-B has been reported to promote association and fusion of phospholipid membranes [26, 30] . This SP-B-promoted fusion of lipid vesicles was described as 'leaky', meaning that the protein-promoted merging of membrane compartments was always associated with leakage of at least part of the vesicle contents into the outer spaces. Our results suggest that leakage could not only occur at the fusion sites, but that membrane fusion and the subsequent transfer of the protein into the different lipid structures could end in the complete permeabilization of all of the membranes. This permeabilization could also be behind the reported ability of hydrophobic surfactant proteins to permeabilize membranes to ions [31] , a property that could not be explained and has not been characterized any further. Also, we and others had noticed the problems in encapsulating polar solutes into membrane vesicles made from pulmonary surfactant, a relevant technology in the context of drug-delivering strategies, but that may be more difficult to achieve than anticipated in the light of the present results. The difference in the kinetics of membrane probe equilibration is consistent with SP-B and SP-C promoting membrane permeability by different mechanisms. The almost instantaneous permeation of probes through phospholipid membranes containing minimal amounts of SP-B could be indicative of the protein forming true pores. The sequence of SP-B is homologous with saposins, a family of membraneassociated proteins that includes several recognized cytolysins and membrane-pore-forming structures [32] [33] [34] . We propose that pore-like oligomeric SP-B assemblies could be at the same time responsible for establishing membrane-membrane contacts and for facilitating rapid transfer of lipids and polar molecules between the contacted membrane compartments. In contrast, the kinetics of probe permeation by SP-C is much slower than that promoted by SP-B, and much more dependent on a high enough proportion of protein into the membranes. We propose that, in contrast with SP-B, membrane permeabilization by SP-C could be rather dependent on the deep perturbation of the membrane core by the protein. These profound perturbations could also be the cause of the extraordinarily dynamic behaviour imparted by SP-C into the membrane morphology, as we have observed in the GV fluctuations. The ability of SP-C to introduce a dynamic contribution into phospholipid membranes has already been outlined, in which the N-terminal, relatively polar, segment of the protein seems to participate significantly [35, 36] .
The results of the present study strongly suggest that the combination of SP-B and SP-C impart special properties to membranes, which are clearly distinct from the effects of each individual protein by itself. Surfactant membranes are the most stable in the simultaneous presence of both SP-B and SP-C, whereas the individual proteins seem to have apparently opposite destabilizing effects. SP-B alone promotes transformation of single vesicles into large, complex, presumably multilamellar, membrane structures. This ability of the protein to promote association and eventually fusion of membranes, with the important participation of protein-protein interactions, has in fact been widely documented [9, 10, 26, 30, 37] . SP-C, on the other hand, seems to strongly destabilize bilayers, promoting their disintegration and dispersion. This activity could be behind the ability of the protein to promote insertion of phospholipids into the interface [38, 39] . However, the incorporation of SP-B-SP-C complexes, with the precise protein stoichiometry obtained from the natural surfactant mixtures, apparently maintains the morphology of the lipid-protein membranes, at least in the context of the models studied in the present paper, suggesting that SP-B and SP-C might modulate each other. An obvious possibility is that the two proteins participate in common macromolecular protein complexes in the context of surfactant membranes. The differences in permeability induced upon introduction of single or combined proteins into giant liposomes are very illustrative. In the presence of SP-B-SP-C complexes, lipid membranes are permeable to calcein, which can permeate through pores of presumably limited size, considering that dilution of external calcein does not produce a concomitant immediate dilution of calcein from the internal liposome compartments. Equilibration of inner and outer calcein concentrations is much faster in GVs containing either SP-B or SP-C, suggesting that the permeation structures assembled by a single protein permit a much more rapid flow of the probe. Although previous results certainly suggest that a concerted action of the two proteins facilitates breathing dynamics in vivo [40] , we and others were unable to find evidence for specific SP-B-SP-C interactions [35] . In a recent study in which we have compared functional properties of systems prepared by reconstituting defined fractions of native surfactant, we have found that some differences exist between the behaviour of lipid-protein complexes prepared from the original mixtures and the behaviour of complexes reunited from isolated components [41] . It is possible that proper SP-B-SP-C complexes are poorly re-established once the proteins are remixed, perhaps because some unknown cofactors were lost, or because the proper conformation of the proteins is altered during the purification process. The results of the present study suggest that much care has to be taken to dissect the potential role and the structure-function relationships of surfactant proteins upon reconstitution of simplified systems that start from fully purified SP-B and SP-C. An imbalance in the appropriate SP-B/SP-C ratio or an inefficient re-assembly of potential multiprotein complexes may end in lipid-protein membranes with structural and functional properties differing greatly from those exhibited by native surfactant membranes. The most successful clinical surfactant preparations currently in use for the treatment of respiratory pathologies are derived from extracts of animalderived surfactants [42] . These natural formulations probably preserve a fair proportion of the original surfactant protein complexes. Design and production of a new generation of therapeutic surfactants, based on the reconstitution of synthetic or recombinant human versions of surfactant proteins, will require a proper knowledge of the role of protein complexes and the way these complexes can be correctly established.
An important question is what the physiological meaning of the intrinsic permeable character of surfactant membranes is. It is possible that the permeability to polar solutes imparted to membranes by the surfactant protein complexes is only a consequence of the architecture of the machinery that ensures a rapid and efficient flow of surface-active lipid species along the membranous assemblies, all the way up to the interface. However, it is also possible that an efficient and unrestricted movement of polar molecules through the membrane structures developed by surfactant at the thin water layer lining the alveoli is also important for alveolar homoeostasis. It has been proposed that surfactant might form a sort of 'bi-continuous' membrane-based phase at the respiratory surface [7, 43] . A fully interconnected network of membranes could be important to facilitate a rapid diffusion of lipids towards the interface, where they must form the surface-active film that reduces surface tension and stabilizes the lung. However, the continuity of all of the aqueous compartments could be equally important to ensure proper equilibrium of water and ions, and to facilitate free diffusion of soluble components such as many of those in charge of maintaining the sterility of the alveolar surface. Surface-active proteins and peptides, such as those currently under scrutiny as potential additives in artificial surfactants [44] , could be active enough to ensure interfacial transfer of lipids and formation of surfactant films, but still be inefficient to form a fully functional bi-continuous membrane network. The elucidation of the molecular architecture and the determinants of potential surfactant protein complexes is therefore a must to improve the possibilities to develop new enhanced surfactant-based therapies.
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